Abstract: Solvent effects on the reactivity of cycloalkenecarboxylic, cycloalkeneacetic, 2-substituted cyclohex-1-enecarboxylic, 2-substituted benzoic, 2-substituted cyclohex-1-eneacetic, 2-substituted phenylacetic, 2-phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids with diazodiphenylmethane (DDM) were investigated. In order to explain the kinetic results through solvent effects, the second-order rate constants for the reaction of the examined acids with DDM were correlated using the Kamlet-Taft solvatochromic equation. The correlations of the kinetic data were realized by means of multiple linear regression analysis and the solvent effects on the reaction rates were analyzed in terms of the contributions of the initial and the transition state. The signs of the equation coefficients support the proposed mechanism. Solvation models for all the investigated acids are suggested. The quantitative relationship between the molecular structure and the chemical reactivity is also discussed.
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INTRODUCTION
The effect of different solvents on the rates of chemical changes was one of the earliest kinetic problems to be studied. [1] [2] [3] The development of correlation analysis in the area of solvent effects has proved to be a slow and difficult process and only within the last 20 years has there been any considerable progress. Application of the techniques of multiple regression has proved to be strikingly successful and has greatly increased the understanding of the role of the solvent. Over the years, two main methods for the examination of the solvent effects on the reaction rates have been developed. First, the rate constants, either as log k or as ΔG # may be correlated with a physical parameter characteristic of the solvent, for example dielectric constant, solubility parameter, viscosity, etc., or with an empirical solvent parameter, such as Y, Z, etc. [4] [5] [6] This type of analysis has been extended to multiple linear correlations with a number of solvent parameters, notably by Shorter et al. 7 on the reaction of diazodiphenylmethane (DDM) and benzoic acid and more generally by Koppel and Palm 8 and by Kamlet and Taft and their co-workers. [9] [10] [11] In the second method, the solvent effect on log k or ΔG # is dissected into contributions of the reactants (initial state) and the transition state, followed, where possible, by a comparison of solvent effects on the transition state with solvent effects on solutes that might function as suitable models for the transition state. This method has been applied not only to a number of standard organic reactions but also to organometallic and inorganic reactions.
Two groups of workers set out general equations for the correlations of solvent effects through multiple regression analysis. Koppel log k = log k 0 + gf(ε) + pf(n) + eE + bB (1) in which f(ε) is a dielectric constant function, usually Q = (ε -1)/(2ε +1), f(n) is a refractive index function, (n 2 -1)/(n 2 + 2), and E and B are measures of the electrophilic and nucleophilic solvation ability of the solvent, respectively. Koppel and Palm 8 and later Shorter et al. 7 quite successfully applied Eq. (1) to a variety of reaction types. The Kamlet and Taft group of workers 11 used the alternative Eq. (2): log k = A 0 + sπ* + aα + bβ (2) in which π* is a measure of solvent dipolarity/polarizability, β represents the scale of the solvent hydrogen bond acceptor basicity, α represents the scale of the solvent hydrogen bond donor acidity and A 0 is the regression value of the solute property in the reference solvent, cyclohexane. The regression coefficients s, a and b measure the relative susceptibilities of the solvent-dependent solute property (log k or as ΔG # ) to the corresponding solvent parameters. Both Eq. (1) and Eq.(2) are general enough to be applied to almost any type of reaction. However, REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE 1337 as will be shown, there are considerable advantages to be gained by the use of Eq. (2) . 12 This review demonstrates how the linear solvation energy relationship (LSER) method can be used to explain and present the multiple interacting effects of the solvent on the reactivity of carboxylic acids in their reaction with DDM. The solvent effects on the reaction rates were analyzed in terms of the contributions of the initial and the transition state. The quantitative relationship between the molecular structure and the chemical reactivity is discussed.
HYDROXYLIC SOLVENT EFFECTS ON THE KINETICS OF THE REACTION OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE
The reactivity of carboxylic acids with diazodiphenylmethane (DDM) is closely related to the molecular structure of the acid and the solvent present. The main advantage that makes this esterification convenient for examining the influence of the solvent and structure on the reactivity of the carboxylic acid is that a catalyst is not necessary for this reaction. It may vary in rate, but it occurs without any additional support and it follows second-order kinetics in protic and aprotic solvents. 13, 14 The mechanism of this reaction has been thoroughly examined [15] [16] [17] and it was established that the rate-determining step involves a proton transfer from the carboxylic acid to DDM, whereby a diphenemethanediazonium-carboxylate ion pair is formed, which rapidly reacts to give esters in the subsequent product-determining step (or ethers in the case of hydroxylic solvents):
In previous studies, the reactivity of 2-substitutedcyclohex-1-enecarboxylic acids, 18-20 2-substitutedbenzoic acids, 13, 14, [18] [19] [20] 2-substitutedcyclohex-1-eneacetic acids, 21-23 2-substitutedphenylacetic acids, 21-23 cycloalkanecarboxylic  acids, 24-26 cycloalkenecarboxylic acids, 25,27,28 cycloalkeneacetic acids, 21,28,29 2-(4-substitutedphenyl)cyclohex-1-enecarboxylic acids, [30] [31] [32] [33] [34] [35] 2-(4-substituted phenyl)benzoic acids [35] [36] [37] [38] and 2-(4-substitutedphenyl)acrylic acids 35, 39, 40 with DDM in various alcohols were investigated. The rate data for these acids were correlated with the simple and extended Hammett equations. The results showed that linear free energy relationships (LFER) are applicable to the kinetic data for the investigated acid systems. In recent papers, 23, 25, 28 hydroxylic solvent effects were examined on the reaction of the same carboxylic acids with DDM by means of the linear solvation energy relationship (LSER) concept, developed by Kamlet and Taft. 9 The correlation equations obtained by stepwise regression for all the examined acids showed that the best approach, which helps the understanding of the hydroxylic solvent effects in the reaction, lies in the separate correlations of the As the solvent effects on the examined reaction could not be clearly presented when all the solvent properties were taken together, an attempt was made to separate them into those that stabilize the transition state and those that influence the ground state before the reaction starts. Taking into consideration the reaction mechanism ( Fig. 1) , it can be noticed that, because of the charge separation in the transition state, a solvent of high polarity can stabilize this state, making the reaction faster; the electrophilic ability of a solvent can have a similar effect, affecting the carboxylic anion which also exists in the transition state. On the contrary, the nucleophilic solvating ability can be prominent in the ground state, stabilizing the carboxylic proton and, hence, retarding the reaction. Multiple linear regression analysis (MLRA) is very useful in separating and quantifying such interactions on the examined reactivity. The first comprehensive application of multiple linear regression analysis to kinetic phenomena was that of Koppel and Palm 8 who listed regression constants for the simple Koppel-Palm equation for various processes. Aslan et al. 14 showed that correlation analysis of the second-order rate constants for the reaction of benzoic acid with DDM in hydroxylic solvents did not give satisfactory results with the Koppel-Palm mode. 8 They came to the conclusion that the possibility of Koppel-Palm analysis of data related to protic solvents depends on the fitting of the data in a regression with the main lines being determined by a much larger number of aprotic solvents.
These results point to a rather complex influence of hydroxylic solvents on the rate constants of the reaction between carboxylic acids and DDM. In these amphiprotic solvents, the complications can be caused by self-association type-AB hydrogen bonding, and multiple type-A and type-B interactions. In type-A hyd-1340 UŠĆUMLIĆ and NIKOLIĆ rogen bonding, the solute acts as a HBA base and the solvent as a HBD acid. In type-B hydrogen bonding, the roles are reversed. Type-AB represents hydrogen bonding in which the solute acts as both a HBD acid and a HBA base, associating with at least two molecules of amphiprotic solvent in a probably cyclic complex. The obtained satisfactory results of the correlations of the kinetic data of examined acids by Kamlet-Taft equations with separate HBD and HBA abilities of the solvent, presented in this review, indicate that the selected model was correct. This means that this model gives a detailed interpretation of the solvating effects of the carboxylic group in different hydroxylic solvents. In these circumstances where both the solvent and solute are hydrogen bond donors, it has been proven to be quite difficult to untangle solvent dipolarity/polarizability, type-B hydrogen bonding and variable self-association effects from the usual multiple type-A hydrogen bonding interactions.
THE KAMLET-TAFT METHOD FOR THE EXAMINATION OF SOLVENT EFFECTS ON THE REACTIVITY OF CARBOXYLIC ACIDS WITH DIAZODIPHENYLMETHANE
Kamlet et al. 9 established that the effect of a solvent on the reaction rate should be given in terms of the following properties: i) the behavior of the solvent as a dielectric, facilitating the separation of opposite charges in the transition state, ii) the ability of the solvent to donate a proton in a solvent-to-solute hydrogen bond and thus stabilize the carboxylate anion in the transition state and iii) the ability of the solvent to donate an electron pair and therefore stabilize the initial carboxylic acid, by way of a hydrogen bond between the carboxylic proton and the solvent electron pair. The parameter π* is an appropriate measure of the first property, while the second and the third properties are governed by the effects of the solvent acidity and basicity, quantitatively expressed by the parameters α and β, respectively. The solvent parameters (π*, α and β) for hydrogen bond donor and non-hydrogen bond donor solvents (Eq. (2)) taken from the literature 11 are given in Table I . The linear dependence (LSER) on the solvent parameters were used to correlate and predict a wide variety of solvent effects, as well as to provide an analysis in the terms of knowledge and the theoretical concepts of molecular structural effects. 9 To the best of our knowledge, the influence of aprotic solvents on the reactivity of carboxylic acids with DDM using the Kamlet-Taft treatment has not hitherto been systematically presented, except for benzoic acid. 9 In recent papers, [41] [42] [43] [44] the effects of a set of 12 aprotic and 3 protic solvents on the reaction of various carboxylic acids with DDM was examined by means of the linear solvation energy relationship (LSER) concept developed by Kamlet and Taft 9 (Eq. (2)). The correlation equations obtained by stepwise regression for all the examined acids showed that the total solvatochromic equation can be used in its complete form, without the separation of effects supporting the transition state (solvent polarity and hydrogen bond donating ability) and the ground state (hydrogen bond accepting ability). The present review demonstrates how the linear solvation energy relationship method can be used to unravel, quantify, correlate and rationalize the multiple interacting effects of the selected solvent set on the reactivity parameters of carboxylic acids in their reaction with DDM.
Cycloalkenecarboxylic and cycloalkeneacetic acids
The values of the second-order rate constants for the reaction of cycloalkenecarboxylic, cycloalkeneacetic, benzoic and phenylacetic acids with DDM in 12 aprotic solvents and 3 protic solvents are given in Tables II and III. The obtained results show that the rate constants increase with increasing solvent polarity. This is in accordance with the supposed mechanism of the reaction. [15] [16] [17] 45, 46 The exceptionally high value of the reaction rate constant in chloroform could be explained by the low polarity of this solvent (π* = 0.58) and the complete lack of proton acceptor effects, because of which the carboxylic acid dissolved in it exists in the form of dimers. 45 The dimer can appear in two forms, i.e., a cyclic (I) and an open (II) form, which is a very reactive form because it can easily loose a proton and convert into a resonance-stabilized anion (III) (Fig.  2) . As the carboxylic anion is the reacting form in this system, it continuously converts into products and this is the probable reason why the open chain dimer, which stabilizes the anion, is the dominant form.
In aprotic solvents of higher polarity, where the proton-acceptor effect exists, solvation of a dissolved acid does not allow the formation of any kind of dimer or, therefore, of the anion (III). Taking this into consideration, there still remains the question of why the reaction of carboxylic acids and DDM in other non-polar solvent, carbon tetrachloride for example (π* = 0.28) does not proceed as fast as in chloroform. The answer could be found in the fact that the structure of chloroform includes a hydrogen atom bonded to a carbon surrounded by three 
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___________________________________________________________________________________________________________________________ electronegative chlorine molecules -therefore it has a proton-donating effect, which accelerates the reaction (α = 0.44). It is interesting to compare the differences in the rate constants for examined acids because strain effects due to the endocyclic double bond are responsible for prominent changes in the acid reactivity. The presence of a double bond in a fivemembered ring leads to a "tension" in the system, which is in a six-membered ring, for example, relieved by folding of the molecule into the "half-chair" conformation -in a five-membered one, there is no similar effect. It was found that the cyclopentene acids have higher rate constants than the corresponding cyclohexene acids (Tables II and III) . Cyclohept-1-enecarboxylic and cyclohept--1-eneacetic acids have slightly lower rate constants than the other two mentioned acid systems, which is probably due to the fact that even the slight strain present in the cyclohexene acid systems is absent from the larger seven-membered rings.
The rate constants for cycloalkeneacetic acids (Table III) in all the employed solvents were higher than those for cycloalkenecarboxylic acids in the corresponding alcohols. This is in accordance with the fact that the resonance interaction between the double bond and the carbonyl group in the cycloalkenecarboxylic acids causes a decrease in the acid strength.
In order to explain the obtained kinetic results through the solvent polarity and basicity or acidity, the rate constants were correlated with the solvatochromic parameters π*, α and β 11 using the total solvatochromic equation, Eq. 29, 47 determined at 37 °C and the kinetic data determined previously for phenylacetic acid 44 (Table III) From all the equations above, it can be concluded that the solvent effects influence the carboxylic acid-DDM reaction by two opposing effects. The opposite signs of the electrophilic and the nucleophilic parameters are in accordance with the described mechanism (Fig. 1) . The positive signs of the s and α coefficients prove that classical solvation and HBD effects dominate the transition state and increase the reaction rate, and the negative sign of the β coefficient indicate that HBA effects stabilize the initial state before commencement of the reaction and are responsible for a decrease in the reaction rate. The degree of success of above correlations is shown in Fig. 3 by means of a plot of log k cal-culated vs. log k obtained experimentally for cycloalkenecarboxylic, cycloalkeneacetic, benzoic and phenylacetic acid in different solvents. From the values of regression coefficients, the contribution of each parameter to the reactivity, on a percentage basis, were calculated and are listed in Table IV . The percentage contribution of solvatochromic parameters for the reaction of the examined acids with DDM, show that most of the solvatochromism is due to solvent basicity and acidity rather than to the solvent dipolarity/polarizability. Considering these results, the solvation models of the reactants and the transition states, separately for cycloalkenecarboxylic and cycloalkeneacetic acids can be represented as:
Cycloalkenecarboxylic acids: The suggested solvation models indicate that the cycloalkeneacetic acid system is more sensitive to HBA interactions of the solvent than the cycloalkenecarboxylic acid system (Table IV) and less sensitive to the HBD ability of the solvent. This is in accordance with the fact that the resonance interaction between the double bond and the carbonyl group in the case of cycloalkenecarboxylic acids destabilizes the carboxylic anion and causes a stronger solvation of the transition state in this system than in the case of cycloalkeneacetic acid system. 
2-Substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acids
The obtained second-order rate constants for the examined 2-substituted cyclohex-1-enecarboxylic and benzoic acids in 11 aprotic solvents (excluding chloroform), and 3 protic solvents, are given in Tables V and VI, respectively. The obtained results show that the rate constants increased with increasing solvent polarity. Comparison of the values of the reaction constants in protic and aprotic solvents indicates that the examined reaction is slower in aprotic solvents, which is in accordance with the proposed reaction mechanism. [15] [16] [17] 45, 46 The correlations of the kinetic data were realized by means of multiple linear regression analysis. It was found that the rate constants in the applied set of fourteen solvents showed satisfactory correlation with the π*, α and β solvent parameters together in the same equation. The obtained correlation results are given in Table VII .
From the values of the regression coefficients, the contributions of each parameter to the reactivity, on a percentage basis, were calculated and are listed in Table VIII .
From these results, it can be noticed that the non-specific interactions (π*) are less pronounced than the specific (α and β) in both carboxylic acid systems.
However, the specific interactions have more influence on the cyclohexene system than on the benzoic system. This probably means that the carboxyl group of the cyclohexene acids is more susceptible to proton-donor and proton-acceptor solvent effects than the carboxyl group of the benzoic acids. In order to obtain a complete view of the solvent interactions with the molecules of the examined carboxylic acids, the solvent effects were expressed quantitatively for every acid, referring separately to the reactants and the transition state and the results are given in Table IX. Higher reaction rates and more pronounced effects of HBD solvation and non-specific interactions (polarity/polarizability) can be noticed for the halogen--substituted acids in both systems. As the negative inductive effect of the halogen at C-2 stabilizes the carboxylic anion, it supports the transition state, thus accelerating the reaction. Considering the results presented in Table IX , the solvation models of the reactants and the transition state, considered separately for the 2-substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acid systems, can be represented as:
2-Substituted cyclohex- The results presented here show that the proton-acceptor solvent effects are somewhat more pronounced in the ground state for cyclohex-1-enecarboxylic acid and its 2-substituted derivatives than for benzoic acids, supporting the fact that the reaction rates were higher for the benzoic acids. The dominant solvent effects for the benzoic acid type are proton-donor and non-specific interactions, characteristic for the transition state. This fact is likely to be a consequence of the degree of conjugation of the carboxylic group of the benzoic acids with the ring; in other words, the charge distribution in the carboxylic group, which is the result of the conjugation, makes the anion more stable and, therefore, the reaction faster. However, a more general conclusion that arises from these results is that the substituents at the C-2 position in both carboxylic acid types have a secondary influence on the reaction with DDM, and seem not to cause steric hindrance between the reactants and the solvent. The principal influences on these reaction rates are apparently the properties of the solvent and the general form of the molecule of the carboxylic acid.
2-Substituted cyclohex-1-eneacetic and 2-substituted phenylacetic acids
The values of second-order rate constants for the reaction of the examined 2-substituted cyclohex-1-eneacetic and 2-substituted phenylacetic acids with DDM in 11 aprotic and 3 protic solvents are given in Tables X and XI. In order to explain the obtained kinetic results through solvent dipolarity/polarizability and basicity or acidity, the rate constants were correlated with the solvatochromic parameters π*,α and β, 11 using the total solvatochromic equation, Eq. (2). The correlations of the kinetic data were realized by means of multiple linear regression analysis. It was found that the rate constants in the 14 selected solvents showed satisfactory correlation with the π*, α and β solvent parameters.
The obtained correlation results are given in Tables XII and XIII. The percentage contribution of each solvent effect for each acid is given in Table XIV . The specific interactions, the HBA and HBD effects, are dominant and have a rather similar share for both acid types, but the classical solvation effects are somewhat higher for the phenylacetic acids, especially for its halogenand nitro-substituted derivatives. To obtain a complete view of the solvent interaction with the molecules of the examined acids, the solvent effects are expressed quantitatively for both carboxylic acid systems and the ground and the transition state are referred to separately.
2-Substituted cyclohex-1-eneacetic acids: Reactants  Transition state  Products HBA solvation (≈ 57 %) HBD and solvation by non--specific interactions (≈ 43 %) It can be noticed that the two examined carboxylic acid types behave similarly, as can be seen from the distributions of solvent effects that are practically the same. However, the more general conclusion that arises from these results is that the substituents at the C-2 position in both carboxylic acid types have a very weak influence on the solvation effects during reaction with DDM. The phenylacetic acids are somewhat faster than the corresponding cyclohexeneacetic ones, which makes sense, as their structure is more approachable for the other reactant as well as for solvent, but there seems to be no great difference. On the contrary, in the case of the α,β-unsaturated cyclic carboxylic acids there was a considerable difference between the reaction rate constants of benzoic and cyclohex-1--enecarboxylic acids regardless of the presence of substituents. 42, 43 In other words, the ring type determines the reactivity of a carboxylic acid. For β,γ-unsaturated acids, the ring is sufficiently far removed from the reaction center (the carboxylic group) to have much influence on it, hence the steric and electronic effects of substituents in the γ-position are more visible. Regarding the geometric properties, the 2-substituted cyclohex-1-eneacetic acids and 2-substituted phenylacetic acids have similar torsion angles, as well as the reactivity, but the α,β-unsaturated cyclic carboxylic acids (benzoic and cyclohex-1-enecarboxylic) have completely a different geometry and, subsequently, behave differently in the same reaction. The torsion angle (C 2 -C 3 -C 4 ) for benzoic acid is -16.60° and for cyclohex-1-enecarboxylic acid 142.0°. Their values are very different and the carboxylic groups are orientated in opposing directions. 43 
2-Phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids
The transmission of substituent effects through three types of double bond, i.e., in a ring, open chain and delocalized double bonds, were investigated previously in the case of 2-(4-substitutedphenyl)cyclohex-1-enecarboxylic acids, 33, 35 2-(4-substitutedphenyl)benzoic acids 33, 48 and 2-(4-substitutedphenyl)acrylic acids. 33, 35 The results showed that there were differences in the composition of the electronic effect depending on the type of double bond through which the substituent effects were transmitted. The considerable difference between the reaction constants, ρ, of the investigated acids indicates that, regardless of the identical possibility of steric interactions of the phenylene and the carboxylic group, there is probably a different interaction of the phenylene group with the rest of the molecule. This assumption was confirmed with Dreiding models.
In the present review, the values of the second order rate constants for the reaction of 2-phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids with DDM in 11 aprotic and 3 protic solvents (Table XV) were correlated with the solvatochromic parameters π*, α and β using the total solvatochromic equation. The correlation of the kinetic data was realized by means of multiple linear regression analysis.
It was found that the rate constants in 14 solvents showed satisfactory correlation with the solvatochromic parameters π*, α and β. From all the equations above, it can be concluded that two opposing solvent effects influence the carboxylic acid -DDM reaction. The opposite signs of the electrophilic and the nucleophilic parameters are in accordance with the described mechanism (Fig. 1) . The positive signs of the coefficients s and a prove that classical solvation and the HBD effects dominate the transition state and increase the reaction rate, and the negative sign of the coefficient b indicates that HBA effects stabilize the initial state before the reaction commences and are responsible for a decrease in the reaction rate. From the values of the regression coefficients, the contribution of each parameter to the reactivity, on a percentage basis, were calculated and are listed in Table XVI . The percentage contribution of the solvatochromic parameters for the reaction of the examined acids with DDM show that most of the solvatochromism is due to solvent basicity and acidity rather than to the solvent dipolarity/polarizability. Considering these results, the solvation models of the reactants and the transition states, separately for 2-phenylcyclohex-1-enecarboxylic, 2-phenylbenzoic and 2-phenylacrylic acids can be represented as:
2-Phenylcyclohex- The suggested solvation models indicate that the 2-phenylcyclohex-1-enecarboxylic and the 2-phenylacrylic acid systems are more sensitive to HBA solvent interactions than the 2-phenylbenzoic acid system (Table XVI) and less sensitive to the HBD solvent ability. The same results were obtained for a comparative LSER study of the reactivity of 2-substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acids 43 and 2-substituted cyclohex-1-eneacetic and 2-substituted phenylacetic acids 44 presented in this review.
Generally, the presence of a substituent at the C-2 position in all types of examined acids affects the orientation of the carboxylic group. The degree of these interactions is in agreement with the obtained kinetic data, solvation models and characteristics of the examined carboxylic acid molecules. [42] [43] [44] 
CONCLUDING REMARKS
The results of the presented investigations show that the solvatochromic concept of Kamlet and Taft (LSER) is applicable to the kinetic data for the reaction of more than 50 different carboxylic acids with diazodiphenylmethane in various solvents, meaning that this model gives the correct interpretation of the solvating effects on the carboxylic group in the selected solvents. For these reasons, it is considered that the results presented in this review may be used to quantitatively estimate and separate the overall solvent effects into the contributions of the initial and the transition state in the reaction of diazodiphenylmethane with carboxylic acids, and the solvation models are proposed. The results show that substituents at the C-2 position of the ring in all types of the investigated acids have a secondary influence on the reaction with DDM and do not seem to cause steric hindrance between the reactants and the solvent. The reactivities of the examined carboxylic acids in the reaction with DDM are in agreement with their geometric characteristics.
